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PHASE CORRECTE D MILLER COMPENSATION O F 
CHOPPER AND NF,STF,D_ CHOPPER AMPLIFIERS' "~ 

The present invention relates generally to electronic circuits, and more particularly 
relates phase corrected Miller compensation of chopper and nested chopper amplifiers. 

Advances in semiconductor manufacturing technology have resulted in the design 
and production of integrated circuits that now include many millions of transistors and other 
electrical circuit elements. As the level of integration has increased it has become desirable 
to integrate many functions onto integrated circuits. Signal amplification is one of many 
such functions that can be implemented in integrated circuits. 

Many amplifier circuit configurations, or architectures, have been developed over 
the years. One family of amplifier circuit architecture is the chopper amplifier. Chopper 
amplifier architectures are used to remove low frequency noise and offsets. Chopper 
amplifier architectures are known that use parallel compensation capacitors. Capacitors 
formed in integrated circuits tend to consume relatively large amounts of area. Generally, 
in chopper amplifier architectures that use conventional parallel compensation capacitors, 
the size of the capacitors depends on the frequency position of the pole. 

It is generally an objective of manufacturers to reduce the cost of the integrated 
circuits that they produce. It is also generally the case that the cost of an integrated circuit 
increases as its size, that is, its area, increases. 

What is needed are methods and apparatus for providing compensation in chopper 
amplifiers while reducing the area required for their implementation, thereby reducing their 
cost. 

Fig. 1 is a schematic block diagram of an amplifier circuit including choppers in 
accordance with the prior art. 

Fig. 2 is a schematic block diagram of an amplifier circuit including choppers in 
accordance with the present invention. 

Briefly, a chopper amplifier circuit arrangement is provided that includes an 
additional chopper in a Miller capacitance feedback path that corrects for the 180 degree 
phase shift. 

In a further aspect of the present invention, nested chopper amplifiers may be 
provided with the use of additional choppers in the Miller capacitance feedback pathways. 
Such additional choppers have utility in terms of ensuring stability. 
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Choppers are used in amplifier applications that perform averaging, such as delta 
sigma converters. The choppers alternately apply the low frequency noise and offset due to 
mismatch to in-phase and 1 80 degree out-of-phase with the signal. The result is that the 
signal is preserved and the noise and offset are removed. The parallel compensation is 
5 undisturbed by the chopper and therefore no additional phase correction is required. 

Various embodiments of the present invention provide Miller compensation in 
multistage amplifiers that are chopped to remove low-frequency noise and offset. A 
chopper is used in the Miller feedback path. This chopper adjusts the phase of the Miller 
path by 180 degrees when chop is active. 

1 0 Reference herein to "one embodiment", "an embodiment", or similar formulations, 

means that a particular feature, structure, operation, or characteristic described in 
connection with the embodiment, is included in at least one embodiment of the present 
invention. Thus, the appearances of such phrases or formulations herein are not necessarily 
all referring to the same embodiment. Furthermore, various particular features, structures, 

15 operations, or characteristics may be combined in any suitable manner in one or more 
embodiments. 

The terms semiconductor device, microelectronic device, integrated circuit, chip, 
LSI, VLSI, ASIC, and system-on-a-chip, are also sometimes used interchangeably in this 
field. The present invention relates to all of the foregoing as these terms are commonly 
20 understood in the art. 

FET, as used herein, refers to metal-oxide-semiconductor field effect transistors 
(MOSFETs). These transistors are also known as insulated gate field effect transistors 
(IGFETs). 

Terminal refers to a connection point. Typically, outputs, or output terminals, are 
25 coupled to inputs, or input terminals, to propagate signals. 

Conventionally, chopper amplifiers use parallel compensation to AC ground. In 
many cases, this compensation requires very large capacitors to guarantee adequate pole 
separation. 

Referring to Fig. 1, a conventional chopper amplifier 100 is shown. More 
30 particularly, chopper amplifier 100 includes a first chopper 104. First chopper 104 includes 
a first input terminal coupled to a first node 102; a second input terminal coupled to a 
second node 106, and a third input terminal adapted to receive a first chop control signal, 
such as for example, a clock signal. First chopper 102 includes two output terminals, 
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coupled respectively to two input terminals of a first gain stage 108. First gain stage 108 
includes two output terminals which are coupled respectively to two input terminals of a 
second gain stage 110 as shown in Fig. 1. Second gain stage 110 includes two output 
terminals which are coupled respectively to a first input terminal and a second input 
terminal of a second chopper 112. Second chopper 112 also includes a third input terminal 
adapted to receive a second chop control signal, such as for example, a clock signal. 
Second chopper 112 further includes a first output terminal coupled to a node 117 and a 
second output terminal coupled to a node 119. 

The parallel output of chopper amplifier 100 may be taken at nodes 117, 119. The 
parallel outputs of chopper amplifier 100 may be used to drive additional gain stages. As 
will be appreciated by those skilled in the art, there are a variety of well-known circuit-level 
implementations of gain stages and choppers. For example, choppers may be implemented 
with FETs to switch the signal pathways. 

Fig. 1 further illustrates the implementation of parallel compensation to AC ground. 
More particularly, a first capacitor 114 is shown coupled in series between the first output 
terminal of the second chopper (i.e., node 117) and ground; and a second capacitor 116 is 
shown coupled in series between the second output terminal of the second chopper (i.e., 
node 119) and ground. When such capacitors are implemented on an integrated circuit, a 
relatively large area of the integrated circuit is consumed. It is noted that the cost of an 
integrated circuit increases as its area increases. 

Still referring to Fig. 1, the illustrative conventional chopper amplifier includes a 
first feedback path from the first output terminal of the second chopper 112 (i.e., node 117) 
to the first input terminal of the first chopper 104 (i.e., node 102); the first feedback 
pathway including a block 118 representing the signal processing (e.g., amplification, 
attenuation) of the first feedback path. Such signal processing may be the result of a gain 
stage included in the feedback path. The illustrative conventional amplifier further includes 
a second feedback path from the second output terminal of the second chopper 112 (i.e., 
node 119) to the second input terminal of the first chopper 104 (i.e., node 106); the second 
feedback pathway including a block 120 representing the signal processing (e.g., 
amplification, attenuation) of the second feedback path. Such signal processing may be the 
result of a gain stage included in the feedback path. 
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In a cascode amplifier configuration the dominant pole is formed at the output node. 
Compensation in multi-stage chopper amplifiers is used so as to have one dominant pole. 
It is desirable to avoid net positive feedback around the compensation loop. 

In order to reduce the area consumed by the compensation capacitors in a chopper 
5 amplifier circuit, it is possible to use Miller compensation capacitors. As will be 

appreciated by those skilled in the art, using a Miller capacitance arrangement effectively 
multiplies the effect of the capacitor. Unfortunately, using a Miller capacitance 
compensation configuration causes instability because half of the time the choppers 
introduce a 180 degree phase shift in the Miller capacitor feedback path. 
1 0 Various amplifier embodiments in accordance with the present invention include 

compensation based on the use Miller capacitance which results in greater area efficiency 
and higher bandwidth designs, as compared with the use of conventional parallel 
compensation capacitors between the output and ground. 

Use of Miller compensation allows the use of smaller capacitors and affords stability 
1 5 with higher bandwidth. However, this cannot be done without phase correction in certain 
configurations. The use of Miller compensation results in low frequency positive feedback 
during half of the chopper operation. 

Referring to Fig. 2, a multi-stage chopper amplifier 200 having a Miller capacitance 
feedback path, that is chopped in accordance with the present invention, is shown. More 
20 particularly, chopper amplifier 200 includes a first chopper 104. First chopper 104 includes 
a first input terminal coupled to a first node 102; a second input terminal coupled to a 
second node 106, and a third input terminal adapted to receive a first chop control signal, 
such as for example, a clock signal. First chopper 102 includes two output terminals, 
coupled respectively to two differential input terminals of a first gain stage 108. First gain 
25 stage 108 includes two differential output terminals which are coupled respectively to two 
differential input terminals of a second gain stage 110 as shown in Fig. 2. Second gain 
stage 110 includes two differential output terminals which are coupled respectively to a first 
input terminal and a second input terminal of a second chopper 112. Second chopper 112 
also includes a third input terminal adapted to receive a second chop control signal. Second 
30 chopper 112 further includes a first output terminal coupled to a node 117 and a second 
output terminal coupled to a node 119. In this illustrative embodiment of the present 
invention, gain stages 108 and 110 are differential amplifier circuits. 
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The parallel output of multi-stage chopper amplifier 200 may be taken at nodes 117, 
119. The parallel outputs of chopper amplifier 200 may be used to drive additional gain 
stages. 

Still referring to Fig. 2, a third chopper 206 has a first input terminal coupled to the 
first output terminal of the second chopper (i.e., node 117), and has a second input terminal 
coupled to the second output terminal of the second chopper (i.e., node 119). Third chopper 
206 has a first output terminal coupled to a first terminal of a first capacitor 202, and has a 
second output terminal coupled to a first terminal of a second capacitor 204. First capacitor 
202 has a second terminal coupled to the first input terminal of gains stage 110. Second 
capacitor 204 has a second terminal coupled to the second input terminal of gain stage 110. 
In this way, a chopper is introduced into the Miller capacitance compensation loop. 

In operation, the first chopper 104 is arranged for alternately coupling either node 
102 and node 106 respectively to the first (positive) and second (negative) input terminals 
of the gain stage 108 during a first phase of the chop control signal; or node 106 and node 
102 respectively to the first (positive) and second (negative) input terminals of the gain 
stage 108 during a second phase of the chop control signal. Second chopper 112 and third 
chopper 206 are similarly arranged to function such that the signals on their first and second 
input terminals are alternately coupled to their first and second respective output terminals 
during a first phase of the chop control signal, and to their second and first respective output 
terminals during a second phase of the chop control signal. 

Fig. 2 also shows, in the illustrative embodiment of a chopper amplifier a first 
feedback path from the first output terminal of the second chopper 112 (i.e., node 117) to 
the first input terminal of the first chopper 104 (i.e., node 102); the first feedback pathway 
including a block 118 representing the signal processing (e.g., amplification, attenuation) of 
the first feedback path. Such signal processing may be the result of, for example, a gain 
stage included in the feedback path. The illustrative embodiment further includes a second 
feedback path from the second output terminal of the second chopper 112 (i.e., node 119) to 
the second input terminal of the first chopper 104 (i.e., node 106); the second feedback 
pathway including a block 120 representing the signal processing (e.g., amplification, 
attenuation) of the second feedback path. Such signal processing may be the result of, for 
example, a gain stage included in the feedback path. 

As will be appreciated by those skilled in the art, there are a variety of well-known 
circuit-level implementations of gain stages and choppers. Similarly, there are a number of 
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physical structures typically formed in integrated circuits that may be used to implement the 
capacitors of the feedback path. Structures used to form capacitors in integrated circuits 
include, but are not limited to, metal-to-metal capacitors, polysilicon-to-polysilicon 
capacitors, metal-to-polysilicon capacitors, junction capacitors, and gate-to-substrate (i.e., 
FET) capacitors. In some semiconductor processes, high-k dielectric material is available 
between layers of conductive materials to help facilitate the implementation of capacitors 
consuming a relatively small area of the integrated circuit. Such capacitors may be 
implemented as a single structure, or as a plurality of interconnected capacitive elements 
arranged to provide the desired capacitance. The present invention is not limited to any 
particular physical implementation of the feedback capacitors. 

Chopped Miller capacitors may also be used in nested chopper amplifier circuits. 
Nested choppers are used to remove residual switching transients from the original chopper 
operation. It is noted that careful analysis of alternative configuration is required to ensure 
that aU phase permutations are properly handled. In other words, the phase permutations 
should result in negative feedback, not positive feedback. 

Multi-stage chopped amplifiers in accordance with the present invention provide 
capacitive feedback using Miller capacitance to reduce the physical area required by the 
feedback capacitors, and further include a feedback chopper in the Miller capacitance path 
to adjust the phase of the feedback by 1 80 degrees when chopping is active. 

Embodiments of the present invention have a wide variety of applications, including 
but not limited to sigma-delta data converters. 

It is to be understood that the present invention is not limited to the embodiments 
described above, but encompasses any and all embodiments within the scope of the 
subjoined Claims. 



